Abstract. This study analyses the geographic distributions of 95 endemic and sub-endemic species of Chaetocnema (Coleoptera: Chrysomelidae) found in Sub-Saharan Africa and Madagascar, in order to compare and correlate their pattern of the geographic range (chorotype) and the distribution of terrestrial ecosystems in Africa and Madagascar. The data compiled for the species of Chaetocnema are based on records for 1639 collecting localities. Most of the species of Chaetocnema have restricted geographical ranges (67.3%), whereas relatively few species (11.6%) are very widely distributed. The latitudinal and longitudinal gradients in the numbers of species reveal that the highest levels of species richness occur in the Equatorial Belt and Southern Africa. Species of Chaetocnema in Sub-Saharan Africa have a clear preference for grassland and the wide-open environment associated with savannah. However, forest ecosystems are also important for numerous species, particularly in Madagascar. Several endemic species are associated with the Mediterranean vegetation in the southern part of West Africa. Species of Chaetocnema are generally associated with a limited number of vegetation types within the Afrotropical region. A cluster analysis based on calculating the squared Euclidean distance and using the WARD clustering method revealed a significant correlation between the chorotype and the vegetation types associated with each species. Finally, certain species of Chaetocnema that are characteristic of specific types of vegetation and/or indicators of biodiversity hotspots in Sub-Saharan Africa and Madagascar are highlighted.
INTRODUCTION
The ability to model the spatial distribution of species is of considerable importance in biogeography and conservation biology (Ferrier, 2002; Funk & Richardson, 2002; Rushton et al., 2004; Elith et al., 2006) because the analysis of species-environment relationships have always been a central issue in ecology (Lawton, 1983; McCoy & Bell, 1991; Tews et al., 2004) .
The construction of databases using the Geographic Information System (GIS) for mapping and managing species distribution records and environmental data is relatively straightforward, and biological recording schemes routinely use GIS and/or relational database technologies to manage and maintain data resources. When the distribution and environmental data for species are integrated within a GIS environment, these data can be used to develop models for predicting the distribution of species (Franklin, 2009) .
Distribution patterns of animals depend on several factors that may be ecological-environmental (recent or past), geographic, historical or related to an extinction-recolonisation event. Plant communities play a central role in influencing the distribution of phytophagous species.
The goal of this research is to interpret broad reliable presence-absence datasets for numerous species of Afrotropical Chaetocnema Stephens (Chrysomelidae: Galerucinae: Alticini), a genus of phytophagous flea beetles, in terms of the distribution of different types of African vegetation, primarily their divisions and formations, as identified and described by Sayre et al. (2013) . The leaf beetle genus Chaetocnema, includes over 400 described species, which occur in all zoogeographical regions (sensu Sclater, 1858) . Approximately 120 species occur in the Palaearctic region (Löbl & Smetana, 2010) , 59 in the Nearctic region (White, 1996) , 106 in the Neotropical region and approximately 100 in the Oriental and Australian regions (Konstantinov et al., 2011) . Over 100 described species occur in the Afrotropical region (Biondi & D'Alessandro, 2012) .
Species of Chaetocnema generally inhabit moist environments and grassland, and are associated with plants belonging to several botanical families, particularly the Chenopodiaceae (currently included in the Amaranthaceae), Polygonaceae, Cyperaceae and Poaceae (Jolivet & Hawkeswood, 1995) .
The geographical distribution of plants and animals may be described in terms of their "chorotypes". A chorotype is a group of species whose distribution in space overlap more than expected by chance and is deduced from a comparative analysis of the geographical ranges of species, genera and higher taxa (Vigna Taglianti et al., 1992 , 1999 ). It represents then a statistically significant group of coincident distribution areas, constituting reference biogeographic units (Olivero et al., 2011) . Our research analyses the geographic distribution of 95 endemic and sub-endemic species of Chaetocnema that occur in Sub-Saharan Africa and Madagascar (Table 1) and compares and correlates their chorotypes as defined for the Afrotropical region by Biondi Table 1 . Occurrence of endemic and sub-endemic species of Chaetocnema in the different vegetation divisions of Sub-Saharan Africa and Madagascar proposed by Sayre et al. (2013) (for abbreviations of the vegetation types see the legend of Fig. 1 ). Chorotypes: AEQ -Afro-Equatorial; AFT -Afrotropical; AIT -Afro-Intertropical; CAT -Central Afrotropical; EAF -Eastern Afrotropical; MAL -Malagasy; NAT -Northern Afrotropical; NEA -North-Eastern Afrotropical; NWA -North-Western Afrotropical; PAF -Pan-African; SAF -Southern African; SEA -South-East African; SWA -South-West Afrotropical. Chorotype  1A1Fe  1A1Ff  1A1Fg  1A1Fh  1A2Fd  1A2Fe  1A2Ff  1A3Fd  1A3Ff1  1A3Ff4  1A4Ff  1A4Fg  1A4Fh  1A5Ua  1A5Wb  1B1Fe  1B3Fe  1B3Ff  2A1Ff  2A1Fg  2A1Fh  2A1Fi  2A1Fn  2A1Fo  2A1Fp  2A1Fq  2A2Fe  2A2Fj  2A5Fc1  2A5Fc4  2A5Fd  2B1Fh  2B2Fm  2B6Fd  2B7Fg  2B7Fi  2B7Fj  3A2Fc  3A2Fd  3A2Fe  3A2Fh  3A2Pf  3A2Pj  6A1Fc 
Species

MATERIAL AND METHODS
Study area
The research area is delimited in Fig. 1 and includes Madagascar and continental Sub-Saharan Africa, which is situated in the region that lies between 17.5°W and 52°E longitude and 20°N and 35°S latitude. Distribution maps were constructed using ESRI ArcGIS 10.0 software.
Database of vegetation types
Vegetation types considered in this study are those of Sayre et al. (2013) (Martín & Gurrea, 1999) , because although present assumptions about the distribution of species of Chaetocnema in the Afrotropical region are robust, they remain far from complete (Biondi & D'Alessandro, 2006a) . Vegetation maps were plotted and analyzed using ESRI ArcGIS 10.0 software.
Chaetocnema database
Our database of endemic and sub-endemic species of Chae tocnema occurring in the Afrotropical region (Table 1) included in the statistical analyses consisted of the following: (a) data collected from peer-reviewed literature, with a specific focus on the work of Bechyné (1948 Bechyné ( , 1954 Bechyné ( , 1955a Bechyné ( , b, 1959a Bechyné ( , b, 1960a Bechyné ( , b, 1964 Bechyné ( , 1968 , Biondi (2001 Biondi ( , 2002a , Biondi & D'Alessandro (2005 , 2006a , b, 2008 , Biondi & De Nardis (2000) , Bryant (1926 Bryant ( , 1928 Bryant ( , 1948 Bryant ( , 1959a Bryant ( , b, 1960 and Scherer (1959 Scherer ( , 1961a Scherer ( , b, 1962a Scherer ( , b, 1963 Scherer ( , 1969 Scherer ( , 1970 Scherer ( , 1972 Scherer ( , 1978 ; (b) data from all major collections of African insects, primarily those located in the BMNH, IRSNB, MNHN, MSNG, MZLU, NHMB, NHRS, NMPC, RMCA, SAMC, SANC, TMSA, ZMHB and ZSM. The data for all the species of Chaetocnema considered are based on material from 1,639 localities in Sub-Saharan Africa and Madagascar. Geographic coordinates were derived from label data or obtained and/or corrected using Google Earth ver. 7.1.2.2041. The terminology and typology used for the chorotypes (Fig. 3) 
Statistical analysis
A cluster analysis using presence-absence data of the vegetation types for each species considered was performed to find "ecologically similar" species-groups of Chaetocnema (Table 1) . The analysis was conducted by calculating the Squared Euclidean Distance and using of the WARD Clustering Method (Ward, 1963; Kent, 2006) . Notwithstanding that the Euclidean distance is considered to be inappropriate for analyzing the composition of communities using abundance-based data (Legendre & De Cáceres, 2013) , the squared Euclidean distance is suitable for binary data because it becomes equivalent to the Hamming distance (Lourenço et al., 2004) . Statistical analyses were performed and graphics produced using the NCSS version 9.0.7 package for Windows (Hintze, 2013) . 
Abbreviations used
RESULTS
The 95 endemic and sub-endemic species of Chaetoc nema in the Afrotropical region have the chorotype percentages presented in Fig. 4 . Most species have restricted geographical ranges (66.5%), with the CAT (17.7%), SEA (15.6%) and MAL (11.5%) chorotypes being most prevalent. Relatively few species (11.6%) have very wide geographical ranges such as AFT (9.4%) and PAF (2.1%) chorotypes.
Species of Chaetocnema do not occur in desert areas and rarely occur in dry, open woodland. Fig. 5 shows the number of species (nsp) in relation to latitudinal and longitudinal gradients. Note that the diversity of species north and south of, and equidistant from the Equator is generally quite similar. Few species (6), however, are present in the Sahara desert belt (15°-20°N) . Likewise, relatively few species (18) occur between 15°-20°S, which is most likely attributable to the presence there of the Namibian and Angolan desert areas (Namib and northern Kalahari) to the west and a wide belt of dry open woodland to the east; neither of these areas are suitable for species of Chaetoc nema. However, this deficit is counterbalanced by numerous species (16) in central-eastern Madagascar (Fig. 5) , at the same latitude (15°-20°S). In addition, an examination of the ratio of number of species to log area (nsp/logA) reveals that the highest levels of species richness occur in southern Africa, in latitude ranges 25-30°S (nsp/logA = 6.85) and 30-35°S (nsp/logA = 5.24). The number of species is also relatively high in the Equatorial belt (5°N-5°S) . The number of species recorded along the longitudinal gradients (Fig. 5) indicates that species richness levels are highest in the longitude range 25-35°E, where the majority of the important mountainous areas in Sub-Saharan Africa are located (Fig. 5) .
Within the Afrotropical region, species of Chaetocnema are generally associated with a limited number of vegetation types. Many of the species (64.2%) are associated with fewer than five vegetation divisions, and only 16.8% exist in more than 10 divisions (Fig. 6) . The species occurring in the largest number of vegetation types include C. wollas toni (31 divisions), C. pulla (23), C. kibonotensis (22) and C. ljuba (21) (Fig. 7) . The correlation between the number of species and the total area of each the type of vegetation considered is moderately high (r = 0.65; R 2 = 0.42) (Fig. 8) . Some of the vegetation divisions preferred by species of Chaetocnema (Fig. 9) Vegetation types that are significant for species with restricted geographical ranges (NWA, CAT, NEA, SAF, SEA, SWA and MAL chorotypes) are reported below, in terms of vegetation formations (Sayre et al., 2013) (Fig. 10) .
1.A.1. Tropical Seasonally Dry Forest
1.A.1.Fg (Albany Subtropical Thicket) (43,020 km 2 ). This vegetation division occurs in semi-arid areas in South Africa (Eastern and Western Cape Province) and is characterized by tall, dense thickets of trees and shrubs (Mucina & Rutheford, 2006) . It includes numerous succulent and thorny species, as well as low thickets dominated by succulents. This type of vegetation covers 2.5% of the surface area of South Africa (nearly 31,500 km 2 ). Certain widespread endemic South African species of Chaetocnema are associated with this vegetation division, with the following chorotypes: SAF (37.5%: C. darwini, C. natalensis and C. purpurea), SWA (12.5%: C. chalcea) and SEA (12.5%: C. aluwala). (MAL 53.8%: C. consobrina, C. hygrophila, C. malgascia, C. orophila, C. pauliani, C. similis and C. vadoni ). This vegetation division includes the Southern Afrotemperate Forest, which includes highlatitude Afrotemperate communities growing at altitudes between 10 and 600 m, though fragmented patches also exist at higher altitudes (1050-1650 m). The forest structure is multi-layered, tall and particularly prevalent in southern and eastern Africa (KwaZulu-Natal and the Eastern Cape Province), but it is present also in Mpumalanga, Limpopo, Lesotho, Swaziland and other areas in southern Africa . This vegetation division includes Drakensberg Grassland, Dry Highveld Grassland, Moist Highveld Grassland, Sub-Escarpment Grassland and Southern Afromontane Grassland. Drakensberg grasslands are mainly associated with the Great Escarpment in the Drakensberg region, which includes Lesotho. Dry high veld grasslands occur on the extensive Central Plateau in South Africa at altitudes between 1200 and 1600 m, whereas moist and mesic high veld grassland occurs in moist highland regions that extend as far as the Northern Escarpment (Mucina & Rutheford, 2006) . This vegetation division hosts a variety of endemic South African species of Chaetocnema, particularly in SEA (30.3%: C. brincki, C. cinctipennis, C. frer eensis, C. longicornis, C. mapumalangaensis, C. phutha ditjhabensis, C. subaterrima, C. tongaatensis, C. turneri and C. zulu) and SAF (18.2%: C. bevinsi, C. capensis, C. darwini, C. natalensis, C. purpurea and C. sudafricana ). This vegetation division includes the Richtersveld, Namaqualand Hardeveld, Namaqualand Sandveld, Knersvlakte, TransEscarpment Succulent Karoo, Rainshadow Valley Karoo and Sperregebied Succulent Karoo, the vegetation of which is mainly composed of succulents, short shrublands and short grasslands with scattered shrubs. This division occurs at altitudes of between 200 and 1200 m along the south-western coast of Africa and includes Namaqualand and the south-western corner of Namibia (Mucina & Rutheford, 2006 
convexicollis).
The results of the cluster analysis (squared Euclidean distance and Ward clustering method) based on presenceabsence data for species of Chaetocnema in the vegetation types examined, are presented in Fig. 11 . In the dendrogram (cluster cut off = 0.7) there are five different clusters (A-E): Cluster C: includes the largest number of species with 36 species of Chaetocnema occurring mainly in the northern and central areas of the Afrotropical region. Sixteen of the 17 species with a CAT chorotype occur in this group (44.4%). Cluster C is the only cluster that includes species with the following chorotypes: NWA (13.9%), NAT (11.1%) and AEQ (2.8%). The largest proportion of these species are associated with Tropical Grassland, Savannah & Shrubland (2A = 56.1%) and Tropical Forest (1A = 32.71%). A significant number of species with a SEA (11.1%) chorotype are also included. The latter include species mainly associated with Southern African Lowland Evergreen and Semi-Evergreen Forest (C. barkeri), and species occurring in forest and/or open environments in southern-eastern Africa with extensions into Zimbabwe, Botswana and/or Zambia (C. aluwala, C. bechuana and C. subquadrata).
Clusters D & E: these two groups are not significantly different. Cluster D is associated with the highest number of vegetation types, and includes species that are more widespread in the Afrotropical region (AFT = 57.1%; PAF = 14.50%; EAF = 14.3%): C. wollastoni, C. pulla, C. ki bonotensis and C. ljuba (Fig. 7) . Although cluster E also includes species that commonly occur across the Afrotropical region, a significant proportion of this cluster is more characteristically "tropical", including species with a AIT (23.5%) chorotype, such as C. coletta, C. miloensis, C. nigripennis and C. pastoria, which are all associated with tropical forests and/or savannahs.
CONCLUSIONS
The geographical ranges of a large percentage (67.3%) of the endemic and sub-endemic species of Chaetocnema in the Afrotropical region are mainly restricted to Central Africa, southern Africa or Madagascar. Relatively few species (11.6%) are widespread in Sub-Saharan Africa and Madagascar. Though this result may in part be attributed to insufficient data, in our view it reflects the true geographical ranges of these species, a phenomenon most likely related to the trend in Chaetocnema towards specialisation and differentiation (Biondi & D'Alessandro, 2006a) .
The number of species along latitudinal and longitudinal gradients reveals that the highest species richness occurs in the Equatorial belt and in southern Africa, especially in montane areas. Endemic species of Chaetocnema are very well represented in Madagascar (61.1%), which is higher than that recorded for birds (58.4%) and freshwater fish (59.1%) (Critical Ecosystems Partnership Fund, 2014 a, b) . In the Afrotropical region, each species of Chaetocnema is associated with a limited number of vegetation types. The extent of their distribution is significantly and positively correlated with the number of associated vegetation types. For example, species that occur in the largest number of vegetation types, such as C. wollastoni, C. pulla, C. kibonotensis and C. ljuba (Fig. 7) , are also the most common and widespread. The correlation between the number of species and the total area for each associated vegetation type is moderately high (Fig. 8) .
Chaetocnema species that occur in Sub-Saharan Africa clearly prefer vegetation types that include open grassland environments associated with savannah, and mainly occur in Central and southern Africa. These species do not occur in desert areas and are rarely present in dry open woodlands. However, the highest number of "ecologically characteristic species" occur in forest ecosystems (Fig. 12) : tropical lowland and montane humid forests host several endemic species of Chaetocnema, mainly in Madagascar and Western Africa; endemic species are also associated with warm temperate forests in southern Africa. A significant number of endemic species of Chaetocnema are associated with Mediterranean-type vegetation (Fynbos, Renosterveld, Strandveld and Cape Thicket) in SouthWestern Africa.
Notwithstanding the relatively limited extent of the habitats surveyed, a number of the vegetation types considered host a large number of species with high levels of microendemism. This trend is particularly evident in temperate grasslands and forests in montane areas of South Africa, i.e. the Drakensberg region and Mediterranean ecosystems in the Western Cape Province.
Superimposing the general distribution of Afrotropical species of Chaetocnema on the biodiversity hotspots identified in Sub-Saharan Africa and Madagascar (Critical Ecosystem Partnership Fund, 2014b) , reveals that endemic species of Chaetocnema occur in as many as six of the eight hotspots ( Fig. 13) : 
